Dredging is a necessary maintenance measure to keep the operational depths of ports and waterways adequate for navigation of waterborne transport. Due to natural sedimentation mechanism, as well as re-routing of the natural course of near-shore water pathways as a result of manmade shoreline alterations, dredging has seen a marked increase in terms of frequency and amount of sediments displaced. The materials dredged are generally considered wastes to be disposed of either at designated locations in open waters or contained landfills inland. Both disposal methods incur costs, labour, time and more importantly, the risks of depositing contaminants along the transportation route. It is therefore favourable for the conveyance and disposal of the dredged materials to be minimized or eliminated, if possible. One potential solution towards that is by reusing the material, with sufficient pre-treatment nonetheless, as any other good geomaterials in construction, particularly along the coastline to avoid long distance hauling. The present work involved examination of a typical dredged marine sample retrieved from a local port area, and the identification of its fundamental physico-chemical properties. Pre-treatment was achieved via solidification, where known dosages of hydraulic binders, i.e. cement and fly ash, were admixed with the dredged soil at a certain mixing water content. Cement is arguably the most common hydraulic binder used in the civil engineering world, while fly ash, a byproduct of coal combustion in power plants, was added to explore the possibility of cement substitution. A relatively small binder dosage was used in this study, i.e. 10 %, with various combinations of cement : fly ash ratios in the attempt to establish the solidification pattern and effects. The test specimens were left to cure up to a month, with measurements taken at intervals of 3, 7, and 28 days in the current study for an understanding of the time effect for maturity of the solidification process. A nondestructive bender element test was conducted together with the conventional unconfined compression test on the specimens to monitor the modified strength and stiffness with time and different binder ratios. The findings were interesting: while prolonged curing contributed to the maturity and improved performance of the solidified dredged soil, excessive cement addition seemed to impede the strength and stiffness gain despite the longer curing period. In conclusion, the study sheds some light on the potential of reviving dredged soil, otherwise destined for disposal as a waste, to a useful second life by solidification. Of course, this is but a preliminary exploratory work, which requires further test programmes to ascertain the long term performance, both in terms of engineering properties and environmental impact. Yet, this could very likely be the right step forward for a more sustainable handling of the increasing dredged materials worldwide.
INTRODUCTION
Dredging has been recorded historically as far back as the Roman times [1] , for the general purpose of removing material from the bottom of lakes, rivers, harbours and other water bodies, to maintain or deepen water depths for safe and efficient navigation of vessels. The dredging process includes loosening or dislodging the materials, disposing it to the open water, or transporting it to a designated site for disposal [2] .
In Malaysia, the conventional handling of dredged materials involves either discharge into a confined disposal facility (CDF) or designated dump site in the open waters. Unfortunately offshore dumping could inadvertently lead to negative physical, chemical and biological impact to the marine environment. While normally located at an adequate distance from the local fishery and aquaculture activities, such disposal method would still create disturbance to the aquatic ecosystem [3] . For instance, light attenuation by suspended sediments can affect the amount of light available to seagrass plants, coral reefs and other marine organisms [4] . Also, soft bottom macrobenthic assemblages may respond quickly to the disturbance associated with the dumping of dredged materials and affect the overall marine ecosystem [5] . The potentially contaminated dredged materials may contain toxic chemicals too and contribute to adverse effects on marine organisms at the disposal area and surrounding waters.
Better understanding of the material and heightened public awareness for nature conservation have led to dredged materials being considered as potential 'good' soil for reuse, in place of the traditional "dredged and disposed" approach. Some areas of applications include habitat creation or restoration, landscaping, road construction and land reclamation [6] . Considering the reuse potential of the material, it is therefore imperative that a more sustainable solution is adopted to minimize the impact caused by offshore disposal of dredged marine soils. One potential solution is the recycling and reuse of the mud-like material. Nonetheless some enhancement process is necessary to transform its poor qualities to acceptable levels befitting good geo-materials for civil engineering applications. The treatment would improve the soil's strength and reduce its vulnerability to water; and if the treated soil is able to withstand traffic loading under all weather conditions without deformation, then it is consider as stable [7] . The present study examined the soil solidification method, which involved mixing the soil with a cement -fly ash blend to improve the physical and mechanical properties.
MATERIALS AND METHODS

Dredged marine soil
The soil samples were collected from a depth of 8-12 m below the chart datum at a dredging site with a trailing suction hopper dredger. Grab samples were placed in double-layer of sampling bags, sealed and labeled before being transported to the laboratory (see Table 1 and Fig. 3 ). Looking at Fig. 3 , it is apparent that the soil falls within the category of clay, with the following physical properties: natural water content 166.2 %, liquid limit 95.8 %, plastic limit 34.4 %, specific gravity 2.6 and optimum water content for compaction 24 %. In order to prepare representative samples of the material prior to mixing with the binders, the soil sample was first manually hand-kneaded, followed by mechanical mixing in a mixer. Covered with cling film, it was next left overnight to allow uniform redistribution of the pore water before the water content was determined. Note that in order to avoid variation in the mixing water content, the dredged soil sample was first oven-dried and ground to particulate form for mixing. The suitable water content was determined by trial compaction tests at various mixing water content, wmix ( Fig. 1) , where the water content of twice the soil's optimum water content for compaction (i.e. 2 x 24 % = 48 %) was found to produce most workable mixtures.
Cement
Cement is arguably the most popular binder's choice (see Table 1 and Fig. 3 ). While AASHTO (American Association of State Highway and Transportation Official) [8] gives a convenient guideline on the cement dosage required for effective solidification of soils, it also cautions that these cement contents are only estimations and must be verified by the durability test prescribed in ASTM-C150 [9] . The cement dosage is derived on a weight basis, in terms of the percentage of the oven-dried soil. Indeed, Dallas and Nair [10] pointed out that many soils can be successfully treated and improved with considerably lower cement contents. This can be attributed primarily to the inherent soil properties, mixing water content and binder choice, as reported in [11] and [12] . As such, the binder dosage was fixed at 10 % in the present study.
Fly ash
Fly ash is a byproduct of coal combustion for power generation, and is collected by electrostatic precipitators. This results in the ash particles being spherical and non-uniform in size (Fig. 2) . The 2 major classes of fly ashes are the Class F and Class C ashes, based on the chemical compositions resulting from the type of coal burned [13] . Class F ash (as used in the present study; see Table 1 and Fig. 3 ) is produced from burning anthracite or bituminous coal, while Class C ash is produced from the burning of sub-bituminous coal and lignite. The latter usually has cementitious properties in addition to pozzolanic properties due to its free lime content, unlike the former which is rarely cementitious when mixed with water alone [14] . The lack of binding efficacies aside, the fly ash used in the present study was expected to serve both as a binder and filler, functions which complement one another to enhance the strength and stiffness for effective solidification.
Solidified specimens
The cement (C) : fly ash (FA) ratio examined covered the range of 100 % cement with no fly ash substitution and vice versa, i.e. specimens were
Remarks:
Note that as wmix (mixing water content) increased, the mixture became more workable, resulting in more uniform distribution of the cement -fly ash in the soil. This ensured good bonding of the constituent materials by reducing segregation and crumbliness, leading to localized weak zones within the specimen. prepared with 10C, 7C3FA, 5C5FA, 3C7FA and 10FA. The binder dosage was always maintained at 10 % per dry weight of the soil regardless of the binder ratio. The 'dough' or mixture was transferred from the mixing bowl to a split mould, and lightly compacted in 4 equal layers to form 38 mm diameter and 76 mm height specimens. The specimens were kept in a moist environment for up to a month, with measurements conducted at intervals of 3, 7 and 28 days. The fortnight's measurement was omitted simply because preliminary tests indicated minimal strength and stiffness increment within the period. The particle size distribution curves in Fig. 3 show that the cement and fly ash have particles of similar sizes, but are both coarser than the clay particles, suggesting good blending of the binder materials and potential stiffening of the solidified soil matrix by the less reactive but larger fly ash particles. 
Bender element test
The bender element (BE) test was conducted according to the procedure in [15] . The setup consists of a transmitter and receiver, attached to the top and bottom surface of the specimen for measurement (Fig. 4) . For time-saving purpose, the automatic stacking method with manual trigger was adopted. A single sinusoidal wave (5 kHz frequency, ±10 V amplitude) was used to trigger the transmitter Soil of bender element. The rate at which readings were taken per channel was 100,000 samples per second with 10 ms sampling time. The P-wave velocity (vp) is simply calculated by dividing the travel distance between the transmitter and receiver bender elements by the arrival time (t), vp is an indicator of the stiffness of the medium tested. In the present study, considering that the bender element test is non-destructive, it was performed on the same specimen at the pre-determined age prior to the compression test. This allowed measurements on the same specimen and simultaneously eliminating the errors introduced by non-uniformity in the preparation of specimens.
Unconfined compression test
The unconfined compression test was conducted according to procedures prescribed in BS 1377-7:1990 [16] . The top and bottom surface of the specimen were kept smooth and square to avoid bedding error during compression. The load was applied at a constant strain rate of 1.5 mm per minute. The unconfined compression test equipment (Geocomp, USA) is shown in Fig. 5 .
RESULTS
ANALYSIS AND DISCUSSIONS
Strength
The stress-strain curves derived from the unconfined compression tests are compiled in Fig. 6 according to the curing period, i.e. 3, 7 and 28 days. In general, it can be observed that longer periods resulted in greater strength gain in all specimens. By comparing the highest strength attained over the 28-day curing period, a satisfactory 100 % strength improvement (from about 70 kPa to 140 kPa) was registered. However, it is also apparent that fly ash added to the soil on its own was ineffective as a strength enhancer, with negligible change in the strength measured over the 4-week period. This could be attributed to the excessive amount On the other hand, fly ash clearly needed the presence of cement to enable the solidification mechanism to be initiated. Nonetheless higher dosages of cement in the cement-fly ash mixture were not found to produce more significant strength gain, where the highest strength values were achieved by the 3C7FA specimens. Indeed, with prolonged curing, specimens with 30 % fly ash as binder substitution showed almost no changes in strength, hovering at approximately 70-80 kPa. The 5C5FA specimens, on the other hand, demonstrated a steady climb in strength from about 50 kPa to 100 kPa in 28 days. These findings indicate that while fly ash can only produce meaningful solidification with cement present, it does not require an excessive amount of cement for greater strength gain. This is perhaps counter-intuitive as it is commonly perceived that cement, as a ubiquitous soil binder, would have an overwhelming effect on the overall solidification results when partnered with fly ash. Fig. 7 summarizes the 28-day strength (qu) of the specimens. Corroborating with the plots in Fig. 6 , 3C7Fa underwent the greatest strength gain, followed by 5C5Fa and 7C3FA.10FA experienced relatively unchanged qu over the curing period. Note too that the strength gain rate for specimens with 50% FA addition was more dramatic in the first 2 weeks, after which it maintained a linear rise. However, apart from 3C7FA, the other specimens seemed to undergo the same strength increment rate, which was relatively minimal after 14 days.
Stiffness
A typical bender element test plot is shown in Fig. 8 . The peak-to-peak (p-p) and trough-to-trough (t-t) methods for determining the P-wave arrival time were also illustrated. The cross-correlation (cr) method is a frequency domain analytical approach, where the similarities of the sent and received waveforms are used to identify the arrival time. As the P-wave arrival time was found to be largely the same regardless of the method used, for simplicity's sake, vp derived from tp-p, i.e. vp(p-p), was generally used in the ensuing discussions. Fig. 9 shows vp(p-p) plotted against the curing period. It can be observed that the pattern is generally not dissimilar to those of qu -time in Fig. 7 , i.e. 10FA had the lowest velocities, followed by 5C5FA, 7C3FA and 3C7FA. Note that 5C5FA started out having a lower vp-p than 10FA, but eventually overtook it at around 18 days. As the 7C3FA plot lies above that of 5C5FA, it does not correspond with the relationship between strength increase and fly ash content in the specimens. Nevertheless the specimen with the least cement content (3C7FA) attained the highest vp. Considering that vp-p is an indicator of stiffness, albeit at small strain levels (i.e. strain not exceeding 0.001 %), the strength and stiffness values do match up to a certain extent. The discrepancies may be due to masking of the actual arrival time commonly encountered in less than satisfactory waveforms received. This could be caused by loose contact between the bender element and specimen, uneven end surfaces of the specimen leading to poor interface, and interference of the received signals by external factors. The mismatch notwithstanding, it can be noted that prolonged curing did not result in marked increase in vp, as observed in the qu plots, especially in 3C7FA.
Strength -Stiffness
The Young's modulus (E) was also derived from the stress-strain curves (Fig. 6 ) to ascertain the large strain stiffness changes with solidification. EO was defined from the initial rise of the curve, while EP was taken from origin to the peak of the curve. The relationship between E and qu (28-day) are shown in Fig. 10 . Note that EO is almost double that of EP, suggesting a steep initial rise of the stress-strain curve before the peak strength was reached (see Fig. 6 ). This corresponds with the rather flat part of the curve approaching the peak, highlighting the gradual deformation sustained by the specimens before yielding under compression. It is probable that fly ash somehow contributed to a more ductile yielding mechanism in the specimens.
qu is plotted against vp in Fig. 11 . The closely aligned plots point to the similarity of the arrival time derived using the 3 methods mentioned earlier. The qu-vp relationship makes a quick guide for estimating strength gain of the solidified soil, without having to conduct a compression test. It is cautioned however that such relationships are unique for a certain soil-binder combination, and cannot be used universally for all soil and binder types.
CONCLUSIONS
The cement -fly ash blend is effective in solidifying an initially soft and weak dredged marine soil (a high plasticity clay in this case). Fly ash on its own is ineffective as a solidifying agent, but excessive addition of cement in the mixture does not contribute to greater strength and stiffness gain either. It appears that cement is required in a small amount (e.g. 30 %) to enable satisfactory reactions to take place. Also, fly ash addition to the soil seems to enhance the ductility of the soil, allowing a higher degree of deformation approaching yield compared to the more rigid structure of cement-treated soils.
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